Kidneys damaged by ischemia have the potential to regenerate through a mechanism involving intrarenal induction of protective factors, including bone morphogenetic protein-7 (BMP7). Epigenetic changes, such as alterations in histone modifications, have also been shown to play a role in various pathologic conditions, but their involvement in ischemic injury and regeneration remains unknown. This study investigated whether changes in histone acetylation, regulated by histone acetyltransferase and histone deacetylase (HDAC), are induced by renal ischemia and involved in the regenerative response. Ischemia/reperfusion of the mouse kidney induced a transient decrease in histone acetylation in proximal tubular cells, likely as a result of a decrease in histone acetyltransferase activity as suggested by experiments with energy-depleted renal epithelial cells in culture. During recovery after transient energy depletion in epithelial cells, the HDAC isozyme HDAC5 was selectively downregulated in parallel with the return of acetylated histone. Knockdown of HDAC5 by RNAi significantly increased histone acetylation and BMP7 expression. BMP7 induction and HDAC5 downregulation in the recovery phase were also observed in proximal tubular cells in vivo after transient ischemia. These data indicate that ischemia induces dynamic epigenetic changes involving HDAC5 downregulation, which contributes to histone re-acetylation and BMP7 induction in the recovery phase. This highlights HDAC5 as a modulator of the regenerative response after ischemia and suggests HDAC5 inhibition may be a therapeutic strategy to enhance BMP7 expression.
Epigenetic mechanisms including histone acetylation play a key role in organ development and cellular homeostasis by regulating gene expressions in a tissue-and developmental stage-specific manner. [1] [2] [3] Increase in histone acetylation, the levels of which are determined by the balance between the activities of histone acetyltransferase (HAT) and histone deacetylase (HDAC), generally stimulates gene transcription by relaxing the chromatin structure. 1, 2 Recent reports indicated that changes in the histone acetylation level are also correlated with several pathologic conditions, including cancer, 1, 4 cardiac hypertrophy, 5 chronic obstructive pulmonary disease, 6 denervation, 7 and recovery of learning and memory after neuronal loss. 8 Ischemic organ damage is a major cause of morbidity and mortality in industrialized countries. Ischemia and subsequent reperfusion induce a variety of metabolic changes in the affected organs, including a decrease in the ATP levels, production of reactive oxygen species, and alterations in the intracellular ion and pH homeostasis. 9 -11 In organs damaged by ischemia, including the heart, 12, 13 brain, 14, 15 and kidney, 11, 16 proteins that are involved in organogenesis during embryonic devel-opment have been shown to be re-induced. One of the unique features of the kidney, as compared with those of the heart and brain, is that it can regenerate almost completely after transient ischemia, making it an ideal organ system to study the mechanisms underlying regeneration after ischemia. Recent evidence indicated that re-induction of proteins involved in nephrogenesis and proliferation of resident tubular epithelial cells play major roles in kidney regeneration after ischemic injury. 17, 18 Proteins such as leukemia inhibitory factor (LIF) and bone morphogenetic protein-7 (BMP7), which play pivotal roles in nephron formation during kidney development, have been shown to be induced and to contribute critically to the proliferation and repair of the tubular cells after ischemia. 11, 19, 20 In addition, administration of BMP7 has been shown to exert beneficial effects in various models of renal injury. [21] [22] [23] The elucidation of mechanisms underlying the induction of protective factors after ischemic insult is of great potential importance from the viewpoint of development of therapy aimed at organ repair after injury. Given the critical role of epigenetic mechanisms in the induction and silencing of developmental genes, 2, 3 we reasoned that chromatin remodeling may somehow be modulated by ischemia. In this regard, whether chromatin remodeling plays some role in ischemia and the subsequent regenerative processes remains largely unknown. To examine the possible involvement of epigenetic mechanisms in the tissue response to ischemia, we focused on the alterations in the histone acetylation level and HDAC expression. We used the renal ischemia/reperfusion model for in vivo evaluation and also used an in vitro model of ischemia, 19,24 -26 in which transient energy depletion is achieved by inhibiting mitochondrial oxidative phosphorylation.
RESULTS

Reversible Decrease of Histone Acetylation in the Ischemic Kidney
Ischemia of the kidney by clamping of the renal pedicle for 40 min induced a marked decrease in the staining for histone acetylation in the proximal tubular cells of the outer medulla ( Figure 1 , A through D), the region of the kidney where ischemic injury is most prominent as a result of the low blood flow and high energy requirements even under normal conditions. 11 In contrast, the changes in the histone acetylation level were less pronounced in the cortex (Figure 1 , E through H). Cell counting analysis revealed that the percentage of cells positive for acetylated histone was significantly reduced in the outer medulla of the kidneys subjected to ischemia, as compared with that in the kidneys not subjected to ischemia (Figure 1K ). Immunohistochemical analysis of the kidneys obtained 24 h after reperfusion revealed the restoration of histone acetylation in the tissue, although some proximal tubular cells in the outer medulla still remained negative for histone acetylation staining (Figure 1, I and J). The percentage of cells positive for acetylated histone in the outer medulla 24 h after reperfusion recovered to levels that were not significantly different from those in the kidneys without ischemia ( Figure 1K ).
Histone Remodeling after Transient Energy Depletion in Kidney Epithelial Cells
To investigate in further detail the epigenetic changes caused by ischemia, we next used a cell culture model of ischemia. 19,24 -26 The ATP contents in normal kidney epithelial cells, NRK 52E cells, were decreased after treatment with antimycin A, an inhibitor of mitochondrial oxidative phosphorylation that induces energy depletion, in a concentration-dependent manner (Figure 2A ). In parallel with the decrease in Immunohistochemical staining of the renal outer medulla of the ischemic kidney with acetylated histone (green) 24 h after ischemia/reperfusion. Localization of nuclei in the same section I is shown by co-staining with TOPRO-3 (red) in J. Results are from representative sections of four mice in each group. (K) Quantitative analysis of nuclei positive for acetylated histone in the outer medulla of kidneys is shown. Nonischemic and ischemic kidneys obtained from the mice immediately after 40 min of ischemia and ischemic kidneys 24 h after ischemia/reperfusion were analyzed. Data are mean percentage of total nuclei Ϯ SEM (n ϭ 4). *P Ͻ 0.05 versus values without ischemia.
the cellular ATP levels, histone acetylation, as determined by Western blot analysis, was also decreased by antimycin A (Figure 2B) . To examine the mechanism involved in the decline of histone acetylation after energy depletion induced by antimycin A, we next investigated the in situ HAT activity. The in situ HAT activity, determined by monitoring the increase in histone acetylation associated with inhibition of HDAC by the addition of trichostatin A, an inhibitor of HDAC, was significantly decreased by antimycin A in the renal tubular cells (Figure 2, C and D) . We next examined the changes in the histone acetylation in the recovery phase after transient energy depletion. Consistent with the results published previously, 19 the ATP contents were stored to the levels not significantly different from those measured just before the incubation with antimycin A (98.5 Ϯ 3.0% of the value obtained just before incubation with antimycin A; n ϭ 5; P Ͼ 0.05) at 4 h after washout of antimycin A. In parallel with the recovery of the ATP levels, the histone acetylation levels also recovered to baseline levels by 4 h after the washout of antimycin A ( Figure 3A ). After this recovery to the baseline, a significant increase in histone acetylation was observed at 29 h after the transient energy depletion ( Figure 3A) , although ATP levels were indistinguishable in the two groups at this late time point (data not shown). Consistent with the results obtained using antimycin A, the levels of histone acetylation were significantly decreased by treatment with rotenone ( Figure 3B ), another inhibitor of BASIC RESEARCH www.jasn.org mitochondrial oxidative phosphorylation, and significantly increased by 29 h after washout of the reagent ( Figure 3C ). These observations suggest that the cellular energy levels dynamically regulate the histone acetylation level under ischemic conditions.
Downregulation of HDAC5 after Transient Energy Depletion Induces Histone Re-acetylation and BMP7 Expression
Because rebound increase in histone acetylation was observed after transient energy depletion, we reasoned that some mechanisms that actively increase histone acetylation may have been triggered during the recovery phase. To gain insight into the underlying mechanisms, we next examined the mRNA levels of the HDAC isozymes in the renal tubular cells. Reverse transcriptase-PCR (RT-PCR) analysis revealed that HDAC5 mRNA levels were significantly decreased, whereas those of HDAC 1, 2, 3, 4, 6, and 7 remained unaltered after transient cellular energy depletion (Figures 4, A and B, and 5A). The decline in the HDAC5 mRNA level was accompanied by a time-dependent decrease in the nuclear HDAC5 protein level ( Figure 4C ).
To investigate whether the decrease in HDAC5 played a significant role in the increase in histone acetylation after transient energy depletion, we knocked down HDAC5 expression by using RNA interference (RNAi). HDAC5 mRNA levels were markedly reduced after transfection of HDAC5 Stealth RNAi but not by that of control Stealth RNAi ( Figure 5A ). The levels of histone acetylation were also significantly increased in the cells treated with HDAC5 Stealth RNAi as compared with those in the cells treated with control RNAi ( Figure 5B ). On the basis of the finding that the activity of HDAC5 regulates the histone acetylation level, we next investigated the possibility that HDAC5 downregulation may induce alterations in the expressions of LIF and BMP7, which are known to be induced in the renal tubules in the recovery phase after ischemia. 19, 20 Consistent with previous reports, 19, 20 the mRNA levels of LIF and BMP7 both were increased after transient energy depletion ( Figure 5C ). Moreover, the mRNA level of BMP7 was significantly increased in the cells treated with HDAC5 Stealth RNAi as compared with that in the cells treated with control RNAi, whereas that of LIF was unchanged ( Figure 5D ). These results indicate that downregulation of HDAC5 induces expression of BMP7 but not of LIF after transient energy depletion.
HDAC1, 2, and 5 Regulate BMP7 Expression
Experiments using another HDAC5 RNAi provided further evidence that HDAC5 indeed regulates the expression of BMP7 ( Figure 5 , E and F). To explore whether the effect of HDAC inhibition on BMP7 expression is specific for HDAC5, we examined the effects of RNAi for other HDAC, whose expressions were relatively high in renal epithelial cells as judged from RT-PCR. Knockdown of HDAC1 and 2 markedly increased the BMP7 mRNA level, whereas HDAC3, 6, and 7 RNAi had no significant effect ( Figure 5 , E and F). These results indicate that, in addition to HDAC5, HDAC1 and 2 can act as regulators of BMP7 expression.
Induction of BMP7 and Downregulation of HDAC5 in the Renal Proximal Tubular Cells after Ischemia
To examine the relationship between BMP7 and HDAC5 in vivo, we investigated the expression of these molecules in the recovery phase after renal ischemia by immunohistochemical analysis. BMP7 has been reported to be expressed in the adult kidney but not in uninjured proximal tubular cells. 27, 28 After ischemia, strong BMP7 induction has been noted in the proximal tubular cells, which reaches the peak at 48 h after reperfusion. 20 Consistent with these previous findings, BMP7 expression was confined to the nonproximal tubular epithelial cells in the kidneys not subjected to ischemia ( Figure 6 , A and BASIC RESEARCH www.jasn.org significantly increased as compared with that in cells without BMP7 expression at 24 h (Figure 6 , E through G); however, the percentage of cells positive for acetylated histone became similar in cells with and without BMP7 induction at 48 h. These results suggest that the histone acetylation level may recover earlier in cells in which BMP7 is induced than in those without BMP7 induction. Although HDAC5 has been shown to be expressed in the kidney, 29, 30 the intrarenal distribution of HDAC5 has not been reported; therefore, we first determined the expression pattern of HDAC5 in the nonischemic kidneys. Nuclear HDAC5 expression was detected in the glomerular cells and epithelial cells in the cortex and medulla, including the proximal tubular cells, in the kidneys not subjected to ischemia, although not all nuclei were positive for HDAC5 ( Figure  7 , A, B, E, and F). Because both histone remodeling and BMP7 induction were observed mainly in the proximal tubular cells of the outer medulla, we focused on the expression of HDAC5 in these cells after ischemia. The number of cells positive for nuclear HDAC5 was markedly decreased in the proximal tubular cells of the outer medulla in the kidneys subjected to ischemia, whereas the HDAC5 expression was relatively well maintained in the cortex (Figure 7 , C, D, G, and H). Cellcounting analysis revealed that the percentage of cells positive for nuclear HDAC5 was significantly reduced in the proximal tubular cells of the outer medulla in the kidneys subjected to ischemia, as compared with that in the kidneys not subjected to ischemia ( Figure 7I ).
DISCUSSION
This study demonstrates that ischemia induces histone remodeling, which may be involved in the subsequent regenerative response (Figure 8 ). In the in vitro model of ischemia, we showed that cellular energy conditions can regulate the levels of histone acetylation, an important determinant of the epigenetic status that regulates gene transcription, in response to ischemia. Alterations in the histone acetylation level with the sensing of the cellular energy conditions and the related changes in gene transcription may represent a cellular adaptation mechanism to ischemia. The decrease in the histone acetylation in response to energy depletion may be attributable to a decrease in HAT activity. The observation of the reduced in situ HAT activity under the energy-depleted condition is consistent with a previous report of decrease in the HAT activity associated with ATP depletion in a purified, recombinant assay system 31 and indicates that this is also the case in living cells.
In the recovery phase after transient energy depletion, the histone acetylation level returned to the baseline in parallel with the ATP content. Among the HDAC isozymes, mRNA and nuclear protein levels of HDAC5 were found to decrease in parallel with the recovery of histone acetylation. Class II HDAC, to which HDAC5 belongs, are known to be expressed in a tissue-specific manner, whereas class I and III HDAC are distributed ubiquitously. 1,5 HDAC5 has been shown to be present in organs including the heart, brain, skeletal muscle, lung, liver, and kidney. 29, 30 Although the critical role of HDAC5 in the heart under stress has been well characterized, 5 the regulation and functions of HDAC5 after ischemia have not been reported. Because HDAC5 knockdown by RNAi increased the histone acetylation level, decrease in HDAC5 is likely to be involved in the recovery of histone acetylation after transient energy depletion. Consistent with the data obtained in vitro, HDAC5 downregulation was indeed observed in the proximal tubular cells of the outer medulla in the recovery phase after ischemia in vivo.
After ischemic injury of the kidney, developmental factors are known to reappear and to contribute to the regeneration of the organ. 11 BMP7 is known as a factor that critically contributes to the development of the kidney. Although BMP7 is present in the precursor cells of the nephron, its expression is repressed in the proximal tubular cells after maturation of the kidney. 27, 28, 32 BMP7 has been shown to be strongly induced in the proximal tubular cells in the recovery phase after ischemia. 20 Our findings are consistent with these reports and also suggest the involvement of epigenetic mechanisms in the reappearance of BMP7 in the proximal tubular cells after ischemia/ reperfusion. This notion is lent support by the finding of BMP7 induction in the proximal tubular cells of the medulla, where the histone remodeling and concurrent HDAC5 downregulation were most prominently observed. The results of HDAC5 knockdown experiments using RNAi provided direct evidence of BMP7 expression induced by HDAC5 downregulation; however, involvement of other factors in BMP7 induction in vivo, including changes in the chromatin structure of the BMP7 promoter region, remains to be clarified.
The results obtained in this study are consistent with our previous report that trichostatin A, an inhibitor of classes I and II HDAC, induced BMP7 mRNA expression in human renal tubular cells. 33 Several HDAC inhibitors have begun to be used clinically in the treatment of malignant tumors. 1, 34 The therapeutic potential of HDAC inhibitors in other conditions refractory to the usual treatments has also been described, including motor neuron disease 35 and dementia 8 ; therefore, the functions and regulation of HDAC need to be urgently delineated. Information on each HDAC isozyme should be clarified individually given that class I and II HDAC can even exert opposing effects on cardiac hypertrophy. 5, 36 In this regard, this study reveals that, among the isozymes, HDAC5 selectively functions as a switch molecule in response to energy depletion. In addition, the ability to regulate BMP7 expression was found to be shared by HDAC1, HDAC2, and HDAC5 in renal epithelial cells. The regenerative effects of BMP7 administration have been demonstrated in various models of renal injury. [21] [22] [23] In addition to the favorable effect of direct BMP7 administration, enhancement of endogenous BMP signaling has been shown to ameliorate renal injury. 37, 38 Taken together, this study indicates that HDAC5 downregulation may activate a regenerative process after ischemia by inducing BMP7 and also suggests the potential of HDAC5 inhibition as a novel therapeutic strategy for enhancing BMP7 expression aimed at repair of the injured kidney.
This study demonstrates that transient ischemia induces epigenetic changes characterized by a decrease in histone acetylation probably as a result of decreased in situ HAT activity in the ischemic period and subsequent downregulation of HDAC5 that contributes, at least in part, to histone re-acetylation and BMP7 induction in the recovery period. These observations reveal a novel function of HDAC5 as a sensor that transmits the cellular energy conditions to chromatin and also suggest HDAC5 inhibition as a potential therapeutic strategy for enhancing BMP7 expression aimed at regeneration of the injured kidney.
CONCISE METHODS
Ischemia/Reperfusion Injury
Ischemia/reperfusion injury was induced in 7-or 8-wk-old female C57BL6 mice (18 to 22 g; Tokyo Laboratory Animal Center, Tokyo, Japan). Mice were anesthetized with intraperitoneal pentobarbital (50 mg/kg) and placed on a heating pad to maintain the core body temperature at 37°C. The left kidneys were exposed through the flank, and the renal pedicles were clamped with vascular clamps (Roboz Surgical Instrument Co., Gaithersburg, MD) for 40 min. The kidneys from one group were then perfused with saline and removed as samples for analysis of the effects of ischemia without reperfusion. Other mice were allowed to recover, and the kidneys were harvested after 24 or 48 h under anesthesia with pentobarbital. The right kidneys from the same mice were used as samples for examination of kidneys not subjected to ischemia. Animal care and treatment complied with the standards described in the Figure 8 . Model showing the proposed role of epigenetic mechanisms in ischemia and the subsequent response in the kidney. In response to ischemia, the levels of acetylated histone decrease in the proximal tubular cells, probably as a result of the decreased in situ HAT activity. After reperfusion, the levels of acetylated histone recover in part through HDAC5 downregulation. Decreased levels of HDAC5 contribute to the induction of BMP-7 in the proximal tubules, which may be involved in the regeneration of renal tubules.
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Guidelines for the Care and Use of Laboratory Animals of the University of Tokyo.
Cell Culture and Transient Energy Depletion
The normal rat kidney epithelium-derived cell line, NRK 52E, was obtained from the American Type Culture Collection and grown in DMEM with 5% FBS in a humidified 5% CO 2 /95% air environment at 37°C. An established cell culture model for ischemia was used to induce transient ATP depletion in the NRK 52E cells. 19,24 -26 In brief, a confluent monolayer of NRK 52E cells, which had been incubated in the maintenance medium (DMEM with 1% FBS) for 1 d, was incubated in PBS with 1.5 mM CaCl 2 , 2 mM MgCl 2 , and 1 M antimycin A (Sigma, St. Louis, MO) for 60 min. During the recovery phase after the 1-h injury period, the cells were replenished with ATP by incubation in the maintenance medium. After various incubation periods up to 29 h, the cells were harvested and analyzed. Cellular ATP levels were determined with a luciferase-based assay kit (Sigma).
Immunohistochemistry
For immunohistochemical staining of acetylated histone H3, BMP7, and HDAC5 in the renal tissue, coronal sections of the renal tissue were immersion-fixed in 4% buffered paraformaldehyde for 12 h; washed with 10, 15, and 20% sucrose in PBS for 4 h each time; embedded in OCT compound; and snap-frozen in liquid nitrogen. Frozen sections, 6 m in thickness, were stained with rabbit anti-acetylated histone H3 (Lys9) polyclonal antibody (Upstate Biotechnology, Lake Placid, NY; dilution 1:300), goat anti-BMP7 polyclonal antibody (Santa Cruz Biotechnologies, Santa Cruz, CA; dilution 1:50), and rabbit anti-HDAC5 polyclonal antibody (Santa Cruz Biotechnologies; dilution 1:25) as the respective primary antibodies. Alexa Fluor 488 goat anti-rabbit IgG (Molecular Probes, Eugene, OR) and Alexa 488 donkey anti-goat IgG (Molecular Probes) were used as the secondary antibody at a dilution of 1:200. Sections stained for acetylated histone were analyzed by confocal laser-scanning microscopy (Leica DMIR/E2 TCS SL; Leica, Wetzlar, Germany) equipped with a 40 ϫ 0.55 NA objective after nuclear staining with TOPRO-3 (Molecular Probes; dilution 1:500). To determine the percentage of cells positive for acetylated histone, we analyzed three different fields in the outer medulla of each kidney, each containing at least 200 cells. Sections stained for BMP7 and HDAC5 were then incubated with the proximal tubular cell marker, 39 Negative controls for all of the immunohistochemical stainings were obtained by substitution of the primary antibody with PBS. Image processing was performed using Photoshop 7.0 (Adobe, San Jose, CA). Adjustment of brightness or contrast was used in some cases but without obscuring, eliminating, or misrepresenting information. Overlay images were generated using PenguinMate (version 1.00.7; Pixera Corp., Los Gatos, CA).
Western Blotting
NRK52E cells were lysed with Laemmli sample buffer. After determination of the protein concentration of the lysates with a protein assay kit (Biorad, Richmond, CA), equal amounts of protein (10 g) were immunoblotted with rabbit anti-acetyl histone H3 (Lys9) polyclonal antibody (Upstate Biotechnology; dilution 1:10000) and analyzed by standard SDS-PAGE and Western blot analysis according to a previously described method. 40 Values obtained by densitometric analysis of Western blots for acetylated histone were normalized to those for actin and expressed as relative values to those of control. To measure the nuclear HDAC5 protein levels, NRK52E cells were washed with ice-cold phosphate buffer saline, and the nuclear protein was extracted using the Nuclear/Cytosol Fraction Kit (BioVision Research Products, Mountain View, CA) in accordance with the manufacturer's instructions. After determination of the protein concentration with a protein assay kit (Biorad), equal amounts of protein (8 g) were immunoblotted with a rabbit anti-HDAC5 polyclonal antibody (Epigentek, Brooklyn, NY; dilution 1:500) and analyzed by standard SDS-PAGE and Western blot analysis. In experiments to determine nuclear HDAC5 protein levels, protein loading was verified by Ponceau S staining (Sigma) of the nitrocellulose membranes. Values obtained by densitometric analysis of Western blots for HDAC5 were normalized to those for 45 kD of protein detected by Ponceau S staining and expressed as relative values to those of control.
In Situ HAT Activity
In situ HAT activity was determined according to a previously published method. 41 After inhibition of HDAC activity by the addition of trichostatin A (300 nM), an HDAC inhibitor, NRK 52E cells were incubated in PBS with 1.5 mM CaCl 2 and 2 mM MgCl 2 with or without antimycin A for 0, 20, 40, or 60 min and fixed with ice-cold methanol. Time-dependent increase in the acetylation level of histone after the addition of trichostatin was considered to represent the HAT activity in situ. 41 Images of the cells stained for acetylated histone H3 were obtained according to the methods described previously. The signal intensity of at least 40 cells in each condition was quantified with TCS SL (Leica). Laser and microscope settings were maintained constant for the entire image series. Increases in the signals from the baseline (time 0) were calculated and plotted.
Analysis of the mRNA Levels
Total RNA was extracted from NRK 52E cells with the RNA extraction kit RNeasy Mini (QIAGEN K.K., Tokyo, Japan). For semiquantitative RT-PCR analysis, the cDNA product was synthesized and amplified by PCR using a commercial kit (QIAGEN OneStep RT-PCR Kit). PCR primers were designed using the software Primer Express (Applied Biosystems, Foster City, CA) with published sequence data from the National Center for Biotechnology Information database. The primer sequences used were as follows: HDAC1 sense 5Ј-TTGCGT-TCTATTCGCCCAGA-3Ј and antisense 5Ј-CCAGGATGGCCAA-GACGATAT-3Ј, with an expected product size of 258 bp (GenBank accession no. XM_576595); HDAC2 sense 5Ј-ACTTGCCGTTGCT-GATGCTT-3Ј and antisense 5Ј-TTGAACACCAGGCGCATGT-3Ј, with an expected product size of 265 bp (XM_342149); HDAC3 sense 5Ј-ACATGTGCCGCTTCCATTCT-3Ј and antisense 5Ј-GCCT-CAAACTTCTTGGCATGA-3Ј, with an expected product size of 252 bp (NM_053448); HDAC4 sense 5Ј-ATGAGGCACAGCTGCAT-GAAC-3Ј and antisense 5Ј-GGCCAGAGCCTTCTTCTTGTT-3Ј, with an expected product size of 250 bp (XM_343629); HDAC5 sense 5Ј-GCAGGAGAGCTCAAGAATGGA-3Ј and antisense 5Ј-AAGT-TCCCATTGTCGTAGCGA-3Ј, with an expected product size of 250 bp (XM_213469); HDAC6 sense 5Ј-TGATGTTGGTTCACAGC-CTGG-3Ј and antisense 5Ј-ACCCATCCATAAGACTGCGCT-3Ј, with an expected product size of 251 bp (XM_228753); HDAC7 sense 5Ј-CAGCCGCCTCAAACTGGATAA-3Ј and antisense 5Ј-AG-CAAAAGCCCATGGCTGTAG-3Ј, with an expected product size of 259 bp (XM_345868). The primers of 18S ribosomal RNA (QuantumRNA 18S Internal Standards) were obtained from Ambion (Austin, TX). After 30 min of incubation at 50°C for the reverse transcriptase reaction, the PCR was initiated by 15 min of incubation at 95°C, followed by 23 (for 18S), 25 (for HDAC1, 2, 3, 5, 6, and 7), or 27 (for HDAC4) cycles of 30 s at 94°C, 1 min at 56°C, and 1 min at 72°C. The resultant reaction products were analyzed by agarose gel electrophoresis (2% agarose). The linear range of PCR cycles was first determined for each gene, and all subsequent RT-PCR experiments were carried out using a cycle number within the exponential phase.
For real-time RT-PCR analysis, the cDNA product was generated using the high-capacity cDNA archive kit (Applied Biosystems). The expression levels of HDAC5 and LIF were then analyzed with the ABI 7500 sequence detection system using the TaqMan Universal PCR Master Mix (Applied Biosystems). For detection of BMP7, SYBR Green PCR Master Mix (Applied Biosystems) was used. The primers and probes of rat HDAC5, LIF, and 18S ribosomal RNA were obtained from Applied Biosystems. The primer sequences designed using the software Primer Express for BMP7 and HDAC isozymes were as follows: BMP7 sense 5Ј-TCATGAGCTTCGTCAACCTAGTG-3Ј and antisense 5Ј-CGGATGTAGTCCTTATAGATCCTGAAC-3Ј (XM_001053727); HDAC1 sense 5Ј-AATTTGCTGCTCAACTATG-GTCTCT-3Ј and antisense 5Ј-TGATGTAGTCGTCGCTGTGGTACT-3Ј; HDAC2 sense 5Ј-CCATGGCGTACAGTCAAGGA-3Ј and antisense 5Ј-AATAATTCCCGATATCACCGTCATA-3Ј; HDAC3 sense 5Ј-CTG-CAGTGTGGCGCTGACT-3Ј and antisense 5Ј-ACATTTCGGACGGT-GTAACCA-3Ј; HDAC6 sense 5Ј-AGACCCCAAGGGAGAGAT-GTCT-3Ј and antisense 5Ј-TGAGCCACTGACTCCCTTA-3Ј; HDAC7 sense 5Ј-CTGCCAAGCCCAGTGAGAA-3Ј and antisense 5Ј-TGTTC-CAGGCCATCATTCG-3Ј. The thermal cycling parameters were 95°C for 10 min for AmpliTaq Gold activation, followed by 40 cycles of 15 s at 95°C for denaturation and 1 min at 60°C for annealing/extension. Values were normalized to the levels of 18S rRNA and expressed as relative values to those obtained with control.
RNAi for Knockdown of HDAC5
Subconfluent NRK 52E cells were transfected with 33 nM HDAC5 Stealth RNAi (Invitrogen Japan KK, Tokyo, Japan) or Stealth RNAi Negative Control Duplex (medium GC Duplex; Invitrogen) using Lipofectamine RNAiMAX (Invitrogen), in accordance with the manufacturer's instructions. The sequences of the HDAC5 Stealth RNAi were as follows: 5Ј-GGAGGAGUCCAGUGCUGGUUACAAA-3Ј (sense) and 5Ј-UUUGUAACCAGCACUGGACUCCUCC-3Ј (antisense). After 24 h of incubation, cells were treated with PBS containing 1.5 mM CaCl 2 and 2 mM MgCl 2 for 1 h and further incubated in DMEM with 1% FBS for 29 h. For determination the effects of each HDAC isozyme knockdown on BMP7 expression, cells were incubated with Stealth RNAi Negative Control Duplex or each HDAC Stealth RNAi for 48 h before mRNA analysis. The sequences used were as follows: HDAC1 sense 5Ј-CGGCAUUGAUGAUGAGUCCUAUGAA-3Ј and antisense 5Ј-UUCAUAGGACUCAUCAUCAAUGCCG-3Ј; HDAC2 sense 5Ј-CCUAACUGUCAAAGGUCACGCUAAA-3Ј and antisense 5Ј-UUUAGCGUGACCUUUGACAGUUAGG-3Ј; HDAC3 sense 5Ј-GGU-CAUGACUGUGUCCUUCCACAAA-3Ј and antisense 5Ј-UUUGUG-GAAGGACACAGUCAUGACC-3Ј; HDAC5 sense 5Ј-GAAGGUU-CUACAGAGAGCGAGAGCA-3Ј and antisense 5Ј-UGCUCUCGCU-CUCUGUAGAACCUUC-3Ј (designated as second HDAC5 RNAi); HDAC6 sense 5Ј-AGGUGUSCUGCAGUCGCUAUGUCAA-3Ј and antisense 5Ј-UUGACAUAGCGACUGCAGUACACCU-3Ј; HDAC7 sense 5Ј-GAGCUGCAGUCAGUCCACUCGAAA-3Ј and antisense 5Ј-UUU-CAGAGUGGACUGACUGCAGCUC-3Ј.
Statistical Analyses
All data are expressed as means Ϯ SEM. Multiple parametric comparisons were performed by ANOVA, followed by Fisher protected least significant difference test. Comparisons between two groups were performed by the t test. P Ͻ 0.05 was considered statistically significant.
